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ABSTRACT 

Synthetic layered double hydroxides (LDH) such as 
hydrotalcite (HT) , [Mg6A12 (OH) 161 (CO3) .4 H20), provide a highly 
basic (pKa<35) environment for supporting transition metals. 
Ruthenium was grafted onto a HT using Ru3(C0)12 as a precursor 
and was subsequently reduced under flowing H2 at 275'C to 
ruthenium metal. The supported catalyst exhibited substantial 
selectivity at 275OC for C1-C4 alcohols at moderately low 
pressures (0-190 psig) . Methanol was the most dominant 
oxygenated product. The factors effecting the thermal stability 
and selectivity properties of this new class of catalyst system 
are presented. 

INTRODUCTION 

Layered double hydroxides, such as hydrotalcite 
[Mg6A12 (OH) 161 (CO3) . 4  H20 (HT, 3:l Mg:Al), are anionic clay 
minerals. These compounds have a brucite-like structure, with 
positively charged hydroxide layers of aluminum and magnesium. 
The positive charge is compensated by intercalated carbonate 
anions along with some water molecules. The thermal 
decomposition of this material has been investigated by several 
laboratories [l-31. These earlier studies indicate that the 
interstitial water is reversibly lost up to 200'C. Between 
250'C-450°C, the loss of water was accompanied by 
dehydroxylation. Reichle [3] has reported that only above 275OC 
the formation of MgO phase along with HT phase was observed by X- 
ray diffraction (XRD). Beyond 550°C the HT phase was 
irreversibly lost. 

Giannelis et al. [41 have grafted metal carbonyl complexes 
onto the pillars withi.. the galleries of aluminum pillared 
montmorillonite (APM) clays. They reported that Ru3 (Co) 12 is 
more easily transformed into partially oxidized grafted species, 
even in the absence of air, when compared with other carbonyl 
complexes. Giannelis and Pinnavaia [SI further extended their 
studies to include the grafting of Rh and Pt carbonyls to the 
surfaces of HT. In the present study we show that it is possible 
to graft these carbonyl complexes onto HT. 
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B u l k  Ru i s  known t o  be one of t h e  most a c t i v e  syngas  
c o n v e r s i o n  c a t a l y s t  w i t h  a lmost  1 0 0 %  s e l e c t i v e  t o  s t r a i g h t  c h a i n  
hydrocarbon [ 6 , 7 1 .  However, t h e  ac id -base  p r o p e r t i e s  of t h e  
s u p p o r t  a r e  known t o  e f f e c t  t h e  s e l e c t i v i t y  of Group VI11 
t r a n s i t i o n  m e t a l s .  Thus, h y d r o t a l c i t e  p r o v i d e d  u s  w i t h  an  i d e a l  
o p p o r t u n i t y  t o  i n v e s t i g a t e  t h e  b e h a v i o r  of Ru3 (CO)  1 2  and Ru on a 
very  b a s i c  o x i d e  s u r f a c e .  

EXPERIMENTAL 

HYDROTALCITE PREPARATION 

A s o l u t i o n  of 5 1 . 2 9  ( 0 . 2 0  mols) Mg(NO3)2.6H20 and 24.89 
(0.067 mols)  Al(N03)3.9H20 i n  200 ml of wa te r  was added d r o p  wise 
t o  a s o l u t i o n  of 25g (0.20 mols) Na2C03.H20 and 289 ( 0 . 7 0  m o l s )  
NaOH i n  200 m l of w a t e r .  The a d d i t i o n  was s topped  when t h e  p H  of 
t h e  s o l u t i o n  r eached  10. T h i s  p r o c e s s ,  which took  about  4h, was 
c a r r i e d  o u t  w i t h  v igorous  a g i t a t i o n .  The r e s u l t i n g  heavy s l u r r y  
was r e f l u x e d  a t  65+5'C f o r  16h w i t h  c o n t i n u o u s  mixing.  Upon 
c o o l i n g ,  t h e  s l u r r y  was washed and c e n t r i f u g e d  s e v e r a l  times 
u n t i l  a lmost  a l l  t h e  s a l t  was r e c o v e r e d .  The s l u r r y  was t h e n  
d r i e d  i n  a i r  on a l a r g e  g l a s s  p l a t e  [ 8 ] .  The X-ray p a t t e r n  
i n d i c a t e d  a do01 s p a c i n g  of  7.76A, which i s  i n d i c a t i v e  of  HT w i t h  
3 : l  Mg:A1. The thermal  s t a b i l i t y  of  t h e  HT t h u s  p r e p a r e d  was 
a n a l y z e d  u s i n g  a CAHN TGA 1 2 1  the rmo-grav ime t r i c  a n a l y z e r  from 25 
t o  lO0O'C a t  a h e a t i n g  rate of 5'C/min. The weight  l o s s  unde r  
i s o t h e r m a l  c o n d i t i o n s  a t  275'C a l s o  was i n v e s t i g a t e d .  The 
i s o t h e r m a l  t e m p e r a t u r e  was a c h i e v e d  u s i n g  t h e  same h e a t i n g  r a t e  
i n d i c a t e d  e a r l i e r .  

RUTHENIUM IMPREGNATION 

One gram of HT s e v a c u a t e d  a t  room t e m p e r a t u r e  f o r  4h. To 
t h i s  HT was added t o  45mg of  Ru3(C0)12 d i s s o l v e d  i n  1 0 0  m l  of 
degassed  CH2C12 .  The s l u r r y  was s t i r red f o r  20h, f i l t e r e d  i n  
a i r ,  and washed w i t h  a s m a l l  amount (-20 ml) of CH2C12 .  The 
p e r c e n t a g e  of Ru impregnated was de t e rmined  b y  a tomic  a d s o r p t i o n  
( G a l b r a i t h  Labora tory)  and was found t o  b e  0 .34%.  A 3 . 0 %  mix tu re  
of Ru-HT c a t a l y s t  and K B r  was p e l l e t i z e d .  The I R  spec t rum was 
r eco rded  on an IBM Model I R / 4 4  F T I R  s p e c t r o m e t e r .  

CO-HYDROGENATION 

About 0 .59 of Ru-HT c a t a l y s t  was loaded  i n t o  a 1 / 4 "  OD, 316 
s t a i n l e s s  s teel ,  t u b u l a r ,  s i n g l e  p a s s  r e a c t o r .  The c a t a l y s t  
sample was r educed  i n  f lowing  hydrogen (Matheson, UHP) a t  2 7 5 O C  
f o r  6h. The r e d u c t i o n  t e m p e r a t u r e  was ach ieved  a t  a h e a t i n g  r a t e  
of 5'C/min. The CO hydrogena t ion  r e a c t i o n  was c a r r i e d  o u t  
between 225-275'C, and from a tmospher i c  p r e s s u r e  t o  1 9 0  p s i g  a t  a 
conve r s ion  of less t h a n  5%, i n  o r d e r  t o  a v o i d  mass and h e a t  
t r a n s f e r  l i m i t a t i o n s .  A H2/CO f low r a t i o  of 2 .0  was ma in ta ined  
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u s i n g  mass f l o w  c o n t r o l l e r s .  The incomilig g a s e s  were f u r t h e r  
p u r i f i e d  by p a s s i n g  t h r o u g h  a m a n g a n e s e / s i l i c a  [ 9 1  oxygen 
s c r u b b e r ,  L inde  4A m o l e c u l a r  s i e v e  t o  remove water and th rough  an  
A1203 t r a p  m a i n t a i n e d  a t  200 K t o  remove metal c a r b o n y l s .  The 
r e a c t o r  e f f l u e n t  was t r a n s f e r r e d  t h r o u g h  a heated l i n e  t o  a 
H e w l e t t - P a c k a r d  5890A GC equ iped  w i t h  a u t o m a t i c  g a s  sampl ing  
v a l v e  and f l a m e  i o n i z a t i o n  d e t e c t o r .  The hydrocarbons were 
s e p a r a t e d  u s i n g  a 60m-long, 0 .25  nun d i a ,  l p - t h i c k  SP2100TM 
c o a t e d ,  f u s e d  s i l i c a  c a p i l l a r y  column. 

RESULTS AND DISCUSSIONS 

The thermogram p r e s e n t e d  i n  F i g u r e  1 f o r  
Mg6A12 (OH) 16.C03.4H20 e x h i b i t s  f o u r  d i s t i n c t  r e g i o n s ,  i n  
agreement w i t h  t h e  o b s e r v a t i o n s  of R e i c h l e  [ 3 ] .  The f i r s t  r e g i o n  
(25O-25OoC) w a s  a t t r i b u t e d  t o  t h e  l o s s  o f  i n t e r s t i t i a l  wa te r .  A t  
t h e  second r e g i o n  (25Oo-325OC) t h e  l o s s  of water is accompanied 
by s low d e h y d r o x y l a t i o n .  In  t h e  t h i r d  (325°-5000C), r a p i d  
d e h y d r o x y l a t i o n  and loss of  c a r b o n a t e  are accompanied by HT phase  
t r a n s f o r m a t i o n  t o  mixed metal o x i d e s .  I n  t h e  f i n a l  r e g i o n  
( > 5 O O 0 C ) ,  a s t a b l e  mixed-oxide phase  i s  i r r e v e r s i b l y  formed. 

According t o  R e i c h l e  [ 3 ] ,  t h e  h i g h e s t  t e m p e r a t u r e  a t  which t h e  HT 
phase  was s t ab le  is 275OC. The re fo re ,  w e  i n v e s t i g a t e d  t h e  
t h e r m a l  s t a b i l i t y  o f  HT a t  275'C t e m p e r a t u r e  f o r  4h. A s  s e e n  i n  
F i g u r e  2, there was no l o s s  i n  weight  a f t e r  r e a c h i n g  275OC o v e r  
4h p e r i o d .  A similar t h e r m a l  t r e a t m e n t  a t  35OoC r e s u l t e d  i n  a 
s i g n i f i c a n t  l o s s  o f  weight  even a t  t h e  i s o t h e r m a l  c o n d i t i o n .  
The re fo re ,  w e  u s e d  275OC as t h e  r e d u c t i o n  t e m p e r a t u r e  f o r  
ruthenium and  the h i g h e s t  r e a c t i o n  t e m p e r a t u r e  f o r  CO 
hydrogena t ion .  

The FTIR spec t rum f o r  t h e  Ru3(C0)12-HT impregna t ion  p roduc t  
i s  p r e s e n t e d  i n  F i g u r e  3 .  The two peaks  a t  2047 and  1 9 6 5  cm-I 
were a s s i g n e d  t o  a mononuclear [Ru (CO)  (OM=) 21 n ,  g r a f t e d  s p e c i e s  
[ 4 , 5 , 1 0 ] .  I n  t h i s  c a s e  M is e i t h e r  A 1  or Mg i o n s .  The 
d e g r a d a t i o n .  of t h e  n e u t r a l  me ta l  c l u s t e r  c a r b o n y l ,  due t o  t h e i r  
r e a c t i o n  w i t h  s u r f a c e  hydroxy l  g roups ,  r e s u l t s  i n  t h e  f o r m a t i o n  
o f  p a r t i a l l y  o x i d i z e d  g r a f t e d  s p e c i e s  on t h e  s u r f a c e  of  H T .  
Analogous s p e c i e s  osmium complex were known t o  form on bu lk  
s i l i c a  and a lumina  s u p p o r t s  [11-13].  

The s e l e c t i v i t y  of t h e  hydrogen-reduced Ru-HT c a t a l y s t  f o r  
v a r i o u s  hydrocarbon a t  275OC a t  p r e s s u r e s  r a n g i n g  from 0-190 p s i g  
i s  t a b u l a t e d  i n  Tab le  1. The p r o d u c t i o n  o f  methane d e c r e a s e d  
w h i l e  t h e  t o t a l  a l c o h o l  s y n t h e s i s  i n c r e a s e d  w i t h  i n c r e a s i n g  
p r e s s u r e .  A n  o p p o s i t e  t r e n d  was obse rved  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  (Tab le  2 ) .  That is ,  t h e  methane p r o d u c t i o n  i n c r e a s e d  
w h i l e  t h e  a l c o h o l  p r o d u c t i o n  d e c r e a s e d  when t h e  t e m p e r a t u r e  was 
r a i s e d  from 260 t o  275OC a t  a c o n s t a n t  p r e s s u r e s  o f  120 p s i g .  
The p e r c e n t a g e  of v a r i o u s  a l c o h o l s  produced a r e  p r e s e n t e d  i n  
Table 3 as a f u n c t i o n  o f  p r e s s u r e  a t  275OC. In  T a b l e  4 t h e  
s e l e c t i v i t y  is p r e s e n t e d  a s  a f u n c t i o n  o f  t e m p e r a t u r e  a t  a 
c o n s t a n t  p r e s s u r e  of 120 psig. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
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the methanol fraction is independent of pressure, but it 
increases with increasing temperature at constant pressure. 

Metals such as Pt, Pd and Ir are known to non-dissociatively 
adsorb co even at high temperature and to produce methanol almost 
exclusively [141. Katzer et a1 [141 observed that the methanol 
production was related to the concentration of non-dissociatively 
adsorbed CO. Rhodium, however, is selective to both alcohols and 
hydrocarbons, depending on the nature of the material that 
supports it [15-171. Rh supported on MgO is more selective 
towards MeOH, but when supported on a non-basic material, it is 
selective to hydrocarbons. 

Ruthenium is known to dissociate CO at reaction temperatures 
and to produce mainly hydrocarbons. There are a few exceptions, 
of course. Some workers [18,19] have reported about 20% 
selectivity to alcohols for alkali promoted Ru and for Ru on MgO 
catalysts at pressure of 300-1000 psig. It appears that the 
basic environment of the Ru is responsible for such high 
selectivity for alcohols. The selectivity toward alcohols for 
the Ru-HT observed in this study is comparable to that for Ru on 
MgO or alkali-promoted Ru catalysts [le, 191 . It is particularly 
noteworthy, however, that the reaction pressure employed in this 
study was far less than the others. 

Since HT is an extremely basic material, it appears that it 
has altered the characteristics of Ru metal by limiting the 
dissociation of CO. The lower methane production and higher 
alcohol yield (in particular, the higher MeOH yield) at lower 
temperature supports this hypothesis. At higher temperatures, 
the CO disassociation is increased and thus the methanation 
reaction is promoted; at the same time, the lower concentration 
of undissociated CO reduces the selectivity of alcohols. 

SUMMARY 

Our results clearly demonstrate that the support material 
can alter the CO hydrogenation selectivity of ruthenium. This 
metal typically is highly selective to straight-chain 
hydrocarbons, but the selectivity at relatively low reaction 
pressures has been altered by the presence of a basic support to 
produce alcohols. In fact, the alcohol selectivities reported 
here for Ru have not been achieved at such low pressures 
previously. 
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Tab le  1 

CO Hydrogenat ion  S e l e c t i v i t y  of Ru/HT a t  Var ious  P r e s s u r e s  
(275'C)a 

Hydrocarbon and T o t a l  A lcoho l  Yields, W t  % 

P r e s s u r e  
(psig)  C 1  c 2  c3 c 4  c5 c6 c7+ ALC 

0 85 .5  0 . 0  5 . 1  t r  0 . 0  

70 65.2 8 . 3  7.0 4 . 5  2 . 8  1 . 0  0 . 9  1 0 . 0  

120 63.5 7.5 7.4 4 . 5  2 .4  1.1 0 . 4  13.2 

170 5 4 . 1  7 . 6  9.1 6.0 3.3 1.5 1 . 0  17.6 

190 56 .7  8 . 0  9.7 6 . 1  3.5 2.4 0.7 21.8 

SH2/CO = 2,  Conv<5%, GHSV = 1000 t o  3000 h- l ,  - 0.5g of c a t l y s t .  
T i m e  on stream >24h. 

Table 2 

CO Hydrogenat ion  S e l e c t i v i t y  of  Ru/HT a t  Cons tan t  P r e s s u r e  
(120 p s i g ) a  

Hydrocarbon and T o t a l  Alcohol  Yields, W t  % 

Temp.  
( O C )  C 1  c 2  c 3  c 4  c5 c6 c7+  ALC 

~ ~~~ 

260 48.0 7.0 9.3 6 .7  4 .0  3.5 t r  20.8 

275 63.5 7 . 5  7.4 4 . 5  2 .4  1.1 0.4 13.2 

aH2/CO = 2,  Conv<5%, GHSV = 1 0 0 0  t o  3000 h- l ,  - 0.5g o f  c a t l y s t .  
T i m e  on stream >24h. 
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Table 3 

Ci-Cq Alcoho l  D i s t r i b u t i o n  i n  t h e  T o t a l  Alcohol  P roduc t  S t r eam 
f o r  Ru/HT a t  275'Ca 

P r e s s u r e  MeOH EtOH PrOH BuOH 
( p s i g )  

0 0 0 0 0 

7 0  78 22 0 0 

120 75 20 5 0 

1 7 0  78 18 4 0 

190  74 17  4 4 

=H2/CO = 2, Conv<5%, GHSV = 1000 t o  3000 h-l, - 0.59 of c a t l y s t .  
T i m e  on  stream >24h. 

Table 4 

C1-C3 Alcoho l  D i s t r i b u t i o n  i n  t h e  T o t a l  Alcohol  P roduc t  S t r eam 
f o r  Ru/HT a t  120 p s i g d  

Temp era t u r e MeOH EtOH PrOH 
(OC) 

260 81 13 6 

275 75 18 4 

aH2/CO = 2 ,  Conv<5%, GHSV = 1000 t o  3000 h-l, - 0.59 of  c a t l y s t  
T i m e  on  stream >24h. 
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Temperature (C) 

Figure 2 Themogravimetric analysis of HT. The heating rate 
was 5%/min. The four (1-4) regions are discussed 
in the text 

0 4.0 :0 

r- mi 
F i g u r e  3 .  Thermogram o f  HT. Hea t ing  P r o m  25' t o  215'C 1.12s 

a c h i e v e d  u s i n g  a t e m p e r a t u r e  ramp of 5 'C /min .  
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